The contribution of the atmospheric deposition of inorganic nitrogen compounds produced in East Asia
The wet and dry depositions of airborne natural and anthropogenic material transported from continents to the ocean surface have become important pathways for supplying nutrients to the phytoplankton biomass, along with upwellings and river discharge [1] [2] [3] [4] [5] [6] [7] . Thus, ways to estimate both the atmospheric inputs of nitrogen to the oceans and the impact that atmospheric deposition has on ocean biogeochemistry have been investigated in several studies 2, 4, 6, [8] [9] [10] [11] [12] . Duce et al. suggested that atmospheric nitrogen deposition is important but has strong geographic gradients 2 . For example, their estimate for nitrogen deposition in 2000 was >700 mg/m 2 /year in the downwind region of major cities of Asia, India, and North America 2 . In East Asia, over the last several decades, anthropogenic emissions have dramatically increased because of the acceleration of industrialization 13 . Itahashi et al. reported that the emissions of nitrogen oxides (NO x ), which can produce nitric acid (HNO 3 ), aerosol nitrate (NO 3 ), and other nitrogen compounds through photochemical reactions, were rapidly increasing in East Asia, especially in China 14 . This finding suggests there is a large input of pollutants from the Asian continent via atmospheric long-range transport to the region of the North Western Pacific Ocean. Numerous studies have measured the aerosol particle and gas concentrations (e.g., N, P, Si, and Fe compounds), using ground-or ship-based observations in the coastal areas of East Asia and the North Western Pacific Ocean to investigate the potential effects that these compounds have on the marine ecosystem [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
The deposition of nitrogen compounds into the marginal seas of East Asia and the open ocean of the North
Western Pacific Ocean has been estimated using regional/global models [26] [27] [28] [29] . Recently, Itahashi et al. indicated that the combined wet and dry deposition amount of NO 3 − +HNO 3 was 1407 Gg N/year in the oceanic regions of East Asia 27 . This corresponds to approximately half of the amount of anthropogenic nitrogen compounds emitted from China. The authors also estimated that 252 Gg N/year was delivered as input into the East China Sea 27 . This value corresponds to 59% of the nitrate discharged by the Yangtze River into the East China Sea 27 . Zhang et al. also estimated the atmospheric wet and dry deposition of inorganic nitrogen (NO 3 − , NH 4 + , HNO 3 , NO x , and NH 3 ) into the East China Sea 29 . They conducted a simple estimation based on new primary productivity related to atmospheric deposition and reported that the levels of ammonium-nitrogen inputs from atmospheric deposition to the East China Sea were almost the same as those from river discharge. The authors concluded that atmospheric nitrogen deposition can increase new biological primary productivity by 1.1-3.9%. Such estimates clearly indicate that atmospheric deposition cannot be neglected as a source. Thus, we speculate that the emissions of nitrogen compounds from East Asia have a high potential to affect the surface marine ecosystem in the open ocean of the North Western Pacific Ocean.
Onitsuka et al. studied the influence of atmospheric nitrogen compound inputs on primary productivity in the Sea of Japan, which is a semi-enclosed marginal sea 9 . They used an ecosystem model combined with an atmospheric regional chemical transport model and showed that atmospheric compounds made a large contribution to new productivity in the southern region of the Sea of Japan, especially in locations with nutrient depletion in the surface layer. They also simulated changes in the nitrogen compound deposition rate from the atmosphere, showing that primary productivity increased linearly as this rate increased. However, their marine ecosystem model 30 consisted of only four components: dissolved inorganic nitrogen (nutrients), phytoplankton, zooplankton, and detritus. This is clearly a simplified system (e.g., nitrogen compounds, such as ammonium and nitrate, are not separated). In low-nitrogenated waters, ammonium may be the dominant nitrogen source used by phytoplankton 31 . Therefore, the availability of ammonium and nitrate as nutrients in the marine ecosystem would depend on the setting 32 . This finding suggests that a more detailed analysis is needed to understand the role that various inorganic nitrogen compounds derived from the atmosphere play in the marine ecosystem.
Because the surface layer of the subtropical region of the North Western Pacific Ocean appears to always be nutrient-depleted 33 , we estimated the influence of atmospheric nutrient input in this region. To investigate the influence of deposition of inorganic nitrogen compounds derived from the East Asian continent on the marine ecosystem in the North Western Pacific Ocean, we performed numerical simulations with and without the atmospheric deposition of inorganic nitrogen compounds using a 3-D low trophic-marine ecosystem model coupled to an atmospheric regional chemical transport model.
Results and Discussion
Atmospheric inorganic nitrogen deposition. Figure 1 shows the annual mean spatial distribution of total nitrogen nutrient deposition into the North Western Pacific Ocean in the COCO-NEMURO. This represents the sum of NH 4 (=NH 4 + +NH 3 ) and NO 3 (=NO 3 − +HNO 3 ), averaged for 2009-2016, as calculated by the WRF-CMAQ model. Inorganic nitrogen compound depositions were high in marginal sea areas but decreased with increasing distance from the continent. In this study, we focused on the subtropical area indicated in Fig. 1, covering 20-30°N and 125-150°E . To assess the reproducibility of the WRF-CMAQ model, data from the Acid Deposition Monitoring Network in East Asia (EANET) (http://www.eanet.asia/product/index.html) at Ogasawara (27.05°N, 142.13°E) and Hedo (26.52°N, 128.15°E) were used; they these locations are within our focus area (Fig. 1) . We compared the simulated monthly mean wet deposition data (NO 3 − and NH 4 + concentrations in precipitation) extracted from the nearest data point within our model with the EANET data obtained from 2009-2015, as shown in Fig. S1 . This comparison indicated that the data in our model captured the seasonality but were slightly lower than EANET values. Generally, our model was in good agreement with the EANET data.
The monthly and annual mean deposition amounts are shown in Fig. 2 , averaged for 2009-2016 for each inorganic nitrogen compound within the subtropical area. They clearly indicate seasonality and have high and low deposition amounts in winter and summer, respectively. The total depositions of NH 4 and NO 3 and the fractions calculated for each depositional process within the subtropical area are listed in Tables S1 and S2. For NH 4 deposition, the ratio of fine-mode wet deposition to the total NH 4 was in the range of 68-93%, with an annual average of 79% for this subtropical area. This result suggests that the wet deposition of (NH 4 ) 2 SO 4 is an important source of NH 4 from the atmosphere 34 . For NO 3 deposition, both dry and wet coarse-mode depositions were dominant, suggesting the importance of the reaction of nitric acid (HNO 3 ) with the sea salt particles. Itahashi et al. reported an estimated annual mean NO 3 − deposition to the North Western Pacific Ocean for 2002-2004, which was calculated using the WRF-CMAQ model with almost the same settings as ours 27 . Their total deposition amounts and deposition fractions for a nearby area were almost the same as those found for our study area.
The sources contributing to the focus area were analyzed using an emission sensitivity analysis 35 of data from 2010. This analysis indicated that the annual mean NH 4 depositions derived from China, Korea, and Japan were 56%, 5%, and 4%, respectively, and that the NO 3 depositions were 58%, 5%, and 10%, respectively. This result indicates that the inorganic nitrogen compounds deposited within the focus area were dominantly from East Asia. Additionally, the contributions of NH 4 and NO 3 from natural sources (biomass burning and volcanoes) were estimated to be less than 10%, indicating that the deposition of inorganic nitrogen compounds within the focus area mainly reflects anthropogenic sources.
Surface nitrogen nutrient concentrations. The monthly and annual means for the nitrogen nutrient concentrations at the sea surface (0-9 m) for the subtropical focus area are shown in Fig. S2 and were calculated using the COCO-NEMURO in CTL and N-depo cases, representing simulations without and with the deposition of atmospheric inorganic nitrogen compounds, respectively. The differences and percentage increases in nitrogen nutrient concentrations between the CTL and N-depo cases are also listed in Table 1 . The NH 4 and NO3 concentrations at the sea surface in the N-depo case were still below 0.02 and 0.6 µmol_N/L, respectively. This result suggests that this area may always be depleted of nitrogen nutrients, thus creating a nitrogen-limited state at the sea's surface in all seasons. The monthly NO 3 concentrations in the N-depo case were almost the same as those in the CTL case. In contrast, the NH 4 concentrations were three times higher than those in the CTL case, suggesting that atmospheric deposition can perturb the surface nitrogen nutrient concentrations. Response of the surface marine ecosystem to atmospheric nitrogen deposition. Figure 3 shows the annual mean spatial distribution of the chlorophyll mass concentration at the sea surface (averaged over 0-9 m depths) based on the CTL and N-depo cases. The spatial distributions indicate that the surface chlorophyll mass concentrations within the subtropical area increased when atmospheric nitrogen deposition was considered, whereas those in subarctic areas were almost the same. There was a sea-depth dependence in the net change in annual means of chlorophyll mass concentration between the cases within the subtropical focus area (Fig. S3 ). This result indicates that the change in chlorophyll mass concentration reached 150 m, with the highest contribution observed at the sea surface. Thus, atmospheric deposition can affect the chlorophyll concentration both at the sea surface and in the subsurface. Figure 4 indicates the monthly and annual means for the chlorophyll mass concentrations at the sea surface in the subtropical focus area. The annual mean chlorophyll mass concentration at the sea surface in the N-depo case was estimated to be 0.10 mg/m 3 (compared with 0.04 mg/m 3 in the CTL case), indicating an increase of 0.06 mg/m 3 and corresponding to a 60% increase in the total mass concentration. This change reflects the perturbation in nutrients related to atmospheric nitrogen deposition within the marine ecosystem. The monthly mean values also increased by 1.6-2.8 times compared with the CTL case ( Table 1) . The effects on large and small phytoplankton, related to changes in chlorophyll mass, were also investigated ( Fig. S4 and Table 1 ). Small phytoplankton were highly affected by atmospheric deposition and became the dominant component (70% to 81%, with an annual average of 77%), contributing most of the net change in total chlorophyll within the subtropical focus area 36 . These results suggest that atmospheric inorganic nitrogen compound depositions contribute greatly to the surface chlorophyll mass concentrations in low-nutrient subtropical areas. To compare the sea areas with sufficient nitrogen nutrients, the changes in the chlorophyll mass concentrations in a subarctic area (40-50°N, 150-160°E) were also estimated (Fig. S5) . The annual mean depositions of NO 3 and NH 4 to this subarctic area were 19.5 and 14.9 µmol/m 2 /day, respectively, and had similar levels as the subtropical focus area did. However, the chlorophyll mass concentrations in the N-depo case were almost the same as those in the CTL case for all months, suggesting that the surface chlorophyll mass concentrations in the subarctic area were impervious to the deposition of atmospheric inorganic nitrogen compounds. This can be attributed to different factors, such as limited nutrients and radiation in the marine ecosystem.
The surface chlorophyll mass concentrations estimated from satellite observations are shown in Fig. 4 as open circles. The monthly mean sea surface chlorophyll mass concentrations for the subtropical focus area in the CTL case derived from the COCO-NEMURO were always underestimated compared with those based on satellite observations. However, the annual average of the simulated chlorophyll mass concentration reached the same level as the observational values when the deposition of atmospheric inorganic nitrogen compounds was taken into account (N-depo case). Although the surface chlorophyll mass concentrations in the N-depo case tended to be overestimated in summer and underestimated in winter, the simulated variability had a better agreement with the observations. The root-mean-square error for the monthly mean chlorophyll mass concentration in the N-depo case was approximately 50% lower than that in the CTL case (0.071 mg/m 3 ). This result suggests that the nitrogen nutrient input from the atmosphere could have a significant effect on the chlorophyll mass concentrations in subtropical areas. Figure 5 shows the monthly mean results for gross primary productivity (GPP) at sea level, integrated from 0 to 200 m in depth, as calculated by COCO-NEMURO in both CTL and N-depo cases. The monthly mean GPP also increased in the range of 43-111 mg C/m 2 /day, indicating that the growth rates in the N-depo case were 1.4-2.9 times greater than those in the CTL case ( Table 1 ). The annual mean increase was 62 mg C/m 2 /day, reflecting a 1.7-fold increase compared with the values in the CTL case. Matsumoto et al. reported seasonal values of GPP from ship-based observations for a site located at 30°N and 145°E, which is in the northeast of the focus area 37 . They estimated the GPP to be 396-1289 mg C/m 2 /day. The GPPs calculated by the COCO-NEMURO were much lower than these observational values, even when atmospheric nitrogen deposition was considered. This result may reflect the location of the site. However, it should be noted that the GPP value calculated using the COCO-NEMURO was improved when the atmospheric nitrogen deposition was considered.
The monthly trends in net change of chlorophyll concentration and GPP did not correspond to the atmospheric nitrogen compound deposition trends. The GPP had highest values in spring, while the highest deposition amounts occurred in winter (Fig. 2) . This occurs because the phytoplankton growth in marine ecosystems is 30°N, 125-150°E ). Gray and black bars show data in the cases without and with deposition of atmospheric inorganic nitrogen compounds, respectively. Open circles are the chlorophyll mass concentrations determined from satellite observations. largely controlled not only by the amount of nutrients but also by the conditions of stratification, temperature and radiation in the ocean 38 . Although we have shown the potential effects of the deposition of the atmospheric inorganic nitrogen compounds to the marine ecosystem, there are still several processes that we have not yet considered. Effects related to nitrogen (N 2 ) fixation [39] [40] [41] [42] , deposition of organic nitrogen compounds 22, 24 , deposition of other nutrients (such as Fe and P from dust and/or anthropogenic activity), and the mesoscale eddy-driven upwelling 33 are not negligible in subtropical regions. In addition, nutrients derived from river discharge 24 may not be negligible in marginal sea areas. For example, the organic nitrogen compounds were estimated to be approximately 30% of the total nitrogen compounds in the aerosol at North Western Pacific Ocean 22 , suggesting that more nutrient deposition would be expected if they were bioavailable. The N 2 fixation estimate is also reported for the western and central North Pacific 41, 42 . The estimates for the oligotrophic North Pacific were in the range of approximately 1-100 μmol N/m 2 / day, suggesting a comparable contribution from the atmospheric nitrogen deposition. Thus, marine ecosystems have even more potential nutrient sources. Such sources should be considered in future modelling. Finally, the lack of in situ observational marine and atmospheric data for the subtropical focus area makes the verification of our model difficult. Clearly, more observations for subtropical areas of the North Western Pacific Ocean are needed.
We estimated the contribution of the deposition of the atmospheric inorganic nitrogen compounds to the marine ecosystem using a coupled model. An emission sensitivity analysis indicated that the sources for these depositing inorganic nitrogen compounds in the subtropical area in the North Western Pacific Ocean were mainly from East Asia. The results suggest that anthropogenic emissions from East Asia have the potential to influence these marine ecosystems. Our modelling showed that the deposition of atmospheric inorganic nitrogen compounds led to large increases in both the annual mean surface chlorophyll concentrations and GPPs, increasing their values by factors of 2.3 and 1.7 compared with cases in which deposition in subtropical regions of the North Western Pacific Ocean is not considered. In contrast, such deposition does not have a large influence in subarctic regions, indicating that the contribution of atmospheric nitrogen deposition is dependent on sea area in the North Western Pacific Ocean. A high potential for deposition of atmospheric inorganic nitrogen produced in East Asia into the marine ecosystem in the subtropical region was indicated in this study.
Methods
Regional atmospheric chemical transport model. To estimate the dry and wet depositions of inorganic nitrogen compounds from the East Asian air-mass into the North Western Pacific Ocean, the Community Multiscale Air Quality (CMAQ) model 43 (version 4.7.1) coupled with the Weather Research and Forecasting (WRF) model 44 (version 3.3.1) was employed in this study. The configuration of the WRF-CMAQ model in this study was identical to that used in our previous work 34, 35, 45 . Therefore, only important details relevant to this study are given here.
The model domain, centered at 30°N and 115°E on a Lambert conformal projection, consisted of 97 × 77 horizontal grids with a resolution of 80 km. This covered the entire East Asian region ( Fig. 1 in Ikeda et al. 35 ). It also had 37 levels in the vertical direction. The simulation in this study was performed for 2009-2016, with a 1-month spin-up calculation in December 2008. The initial and boundary conditions for the WRF simulation were obtained from the National Center for Environmental Prediction Final Operational Global Analysis (FNL, ds083.2) data (six-hourly; 1° × 1° resolution). Monthly anthropogenic emissions were obtained from the Regional Emission inventory in Asia (REAS; version 2), with a 0.25° × 0.25° resolution 46 . The REAS inventory includes gases and aerosols from anthropogenic sources, such as fuel combustion, industrial processes, and agricultural activities. The satellite analysis 47, 48 49 for the year 2000. Volcanic emission data for SO 2 were based on Streets et al. 50 for the year 2000. However, because the Miyakejima volcano was erupting during the study period, its emission was modified to 1000 tons/day based on observations made by the Japan Meteorological Agency in 2010. In addition, the AERO5 (a fifth-generation CMAQ aerosol module), with three modes to treat aerosol size distribution, and the ISORROPIA inorganic thermodynamic equilibrium module were used in our model 51, 52 .
To estimate the contribution of source type (anthropogenic or natural emissions) and regions (China, Korea, and Japan within East Asia) to the deposition of inorganic nitrogen compounds, we performed a set of sensitivity simulations for 2010, in which anthropogenic emissions from China, Korea, and Japan and the natural emissions were perturbed by 20%. Details are described in our previous work 34, 35 and in the Supporting Information (TextS1).
Three-dimensional lower trophic-marine ecosystem model. To estimate the effects of atmospheric inorganic nitrogen input as nutrients on the marine ecosystem, the North Pacific Ecosystem Model for Understanding Regional Oceanography (NEMURO) 53, 54 and Center for Climate System Research (CCSR) Ocean Component Model (COCO; version 4.9) 55, 56 were employed to evaluate biological and physical aspects, respectively. The configuration of the joint model, COCO-NEMURO, was the same as that in our previous work 53, 54 . Additionally, the model performance was validated 53, 57, 58 . Therefore, only important details pertaining to the current study are given here.
The NEMURO consists of 11 compartments with two categories of phytoplankton: small phytoplankton (PS; such as coccolithophorids and flagellates) and large phytoplankton (PL; diatoms). The model also includes three SCiEnTifiC RepoRtS | (2018) 8:9324 | DOI:10.1038/s41598-018-27523-w categories of zooplankton: small zooplankton (ZS; such as foraminifera and zooflagellates), large zooplankton (ZL; copepods), and predatory zooplankton (ZP; all predators of other plankton such as Euphausiacea (krill) and jellyfish). Nitrate (NO 3 ), ammonium (NH 4 ), silicic acid (Si(OH) 4 ), particulate organic nitrogen (PON), and dissolved organic nitrogen (DON) are also included. The chlorophyll-a (Chl-a) mass concentration and primary productivity are calculated using a C/Chl-a ratio of 60 59 and the Redfield ratio (C/N = 106/16) 60 . The horizontal resolution of this model is 1° × 0.5-1°; it has 63 vertical layers. Sea surface forcing was derived from monthly mean surface flux climatology compiled by Röske 61 . The observed nitrate and silicate concentrations used as the initial conditions were obtained from the World Ocean Atlas 2013 dataset 62 .
Coupling of atmospheric and marine ecosystem models. We used the dry and wet deposition amounts for inorganic nitrogen, given as fine-(summed in Aitken and accumulation modes) and coarse-mode aerosol particles, and for gases as input into the NEMURO. A monthly mean dataset was collated for dry and wet deposition for inorganic nitrogen compounds for each grid of the North Western Pacific Ocean in the model domain, based on averages for [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] . These values were input into the NEMURO because the COCO-NEMURO does not have a process to input atmospheric nutrients. Therefore, we first needed to establish a pathway for a new nitrogen nutrient supply from the atmosphere. In this study, we assumed that the atmospheric inorganic nitrogen compounds (NO 3 − , HNO 3 , NH 4 + , and NH 3 ) that were calculated in the WRF-CMAQ model as being deposited on the sea surface were all bioavailable nitrogen sources for small and large phytoplankton in the COCO-NEMURO. The WRF-CMAQ model results were assigned to atmospheric nitrate [NO 3 = NO 3 − (particles) +HNO 3 (gas)] or ammonium [NH 4 = NH 4 + (particles) +NH 3 (gas)] deposition. These amounts were added as nitrate or ammonium compartments in the COCO-NEMURO for the sea surface layer, which is covered by the WRF-CMAQ model's domain. To incorporate the deposition data for both NO 3 and NH 4 , as calculated by the WRF-CMAQ model, into the COCO-NEMURO, the data were re-gridded to the COCO-NEMURO grid cells via area-weighting.
The physical model of the COCO was run without the NEMURO for 3000 simulated years, with the final state regarded as being at equilibrium. Once this state was reached, the COCO was coupled with the NEMURO and spun up for 120 years for simulations with and without monthly mean values of atmospheric inorganic nitrogen deposition for (NH 4 and NO 3 ) generated by the WRF-CMAQ model's dataset. The results for the average of the last 20 years with and without nitrogen deposition were used for discussion.
Satellite data analysis.
To compare the surface chlorophyll concentrations estimated by the COCO-NEMURO, Aqua-MODIS (Moderate Resolution Imaging Spectroradiometer) Level-3 chlorophyll-a concentration data from January 2009 to December 2016 were used, obtained from NASA GSFC's Ocean Color website (http://oceancolor.gsfc.nasa.gov/). We used monthly composite chlorophyll-a data with a 9-km spatial resolution retrieved for the focus areas.
Data Availability. The modelling data are available from the authors upon request.
